Sulfate translocation in soybean (Glycine max L. Merr) was investigated. More than 90% of the sulfate entering the shoot system was recoverable in one or two developing trifoliate leaves. In young plants, the first trifoliate leaf contained between 10 to 20 times as much sulfate as the primary leaves, even though both types of leaf had similar rates of transpiration and photosynthesis. We conclude that most of the sulfate entering mature leaves is rapidly loaded into the phloem and translocated to sinks elsewhere in the plant. This loading was inhibited by carbonylcyanide m-chlorophenylhydrazone and selenate. At sulfate concentrations below 0.1 millimolar, more than 95% of the sulfate entering primary leaves was exported. At higher concentrations the rate of export increased but so did the amount of sulfate remaining in the leaves. Removal of the first trifoliate leaf increased two-fold the transport of sulfate to the apex, indicating that these are competing sinks for sulfate translocated from the primary leaves. The small amount of sulfate transported into the mesophyll cells of primary leaves is a result of feedback regulation by the intracellular sulfate pool, not a consequence of their metabolic inactivity. For example, treatment of plants with 2 millimolar aminotriazole caused a 700 nanomoles per gram fresh weight increase in the glutathione content of primary leaves, but had no effect on sulfate aquisition.
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In a previous study of sulfate transport into soybean plants, we showed that more than 90% of the newly tansported sulfate in the shoot system was localized in a single developing leaf (16) . Since the rate of transpiration of mature and developing leaves is not markedly different, similar amounts of sulfate must initially be drawn into both kinds of leaf. The ultimate accumulation of most of the sulfur in the developing leaf must therefore require translocation of sulfur. Several studies, with a variety of plants, show that sulfur is translocated in phloem as inorganic sulfate or sulfite (after exposure of plants to SO2 [7] ) or as organic reduced sulfur, principally glutathione (3, 12) . Biddulph et al. (2) suggested that the differential accumulation of sulfur in developing leaves was due to sulfate metabolism and incorporation of sulfur into amino acids and protein. However (9) .
Our objective was to characterize sulfur translocation in soybean, with particular emphasis on the form in which sulfur is translocated and the explanation of its final distribution. ' isting pool of sulfate, label would be incorporated into S-containing metabolites which as will be discussed later, was not the case.
The initial acquisition of sulfate by plant shoots is dependent upon the rate of transpiration (9, 10) ; however, the final distribution in the shoot system is not. In a plant with a single well developed trifoliate leaf, sulfate was primarily localized in the trifoliate leaf, even though this leaf was of similar size to the primary leaves and had slightly lower rates of transpiration and (9) and leaves (4). Inhibition of Sulfate Redistribution. Phloem loading of sucrose has been extensively investigated, and is characterized by being energy dependent, saturable, and specific (8) . In principle, sulfate loading may share some or all of these characteristics. CCCP was chosen as an inhibitor of proton gradient establishment, because of its ability to inhibit sulfate influx into plant cells at concentrations which do not stimulate efflux (13) . Our aim was to inhibit movement of sulfate into phloem without stimulating efflux of sulfate from mesophyll cells. At high concentrations of CCCP, there was a small inhibition of water entry as evidenced by the decline in weight of primary leaves (Table IV) . CCCP inhibited the translocation of sulfate by the phloem, as evidenced by the accumulation of sulfate in primary leaves (Table IV) .
Although the concentration (50 jM) required to effectively inhibit transport was much higher than that (1 jM) which totally inhibits sulfate transport into cultured tobacco cells (13 (14) , carrot storage roots (5, 6) and intact plants (4) . Although cellular sulfate exchanges with medium sulfate in carrot (5, 6) , usually symplastic sulfate in leaves and roots is relatively immobile and cannot be chased out (4, 9) ; second, bulk flow in phloem will maintain a sulfate gradient across the plasma membrane of the sieve cells tending to facilitate additional sulfate entry. In the concentration range, 0.1 to 0.5 mM, the rate of export increased, but so did the amount of sulfate remaining in the primary leaves. The export capacity of the phloem was saturated, in the sense that more sulfate entered the leaf in the xylem than was exported from the leaf in the phloem; this is not synonymous with saturation of a transporter system in the kinetic sense. In the millimolar range, accumulation of large amounts of sulfate in the primary leaves obscured differences between CCCP-treated and untreated plants.
Selenate, which is a competitive inhibitor of sulfate transport into plant cells (13) , inhibited the redistribution of sulfate (Table  VI) , resulting in increased amount of sulfate in the primary leaves and a decreased amount in the trifoliate leaves.
Modification of Sulfate Redistribution. The previous experiments establish that trifoliate leaves serve as sinks for sulfate transported out of the primary leaves. The effect that removal of these sinks has on sulfate distribution is shown in Table VII . Independent of the distribution in the entire plant, removal of the first trifoliate leaf always resulted in a marked increase in the sulfate transported to the developing second trifoliate leaf. In experiment 2, removal of the first trifoliate leaf inhibited transport of sulfate out of the primary leaves, but this result is atypical. Usually, removal of this leaf either has little effect upon the sulfate in the primary leaves (experiment 1) or causes a twofold increase (not shown). These results indicate that trifoliate leaves compete as sinks for sulfate transported from the primary leaves, and that removal of one sink results in the acquisition of more sulfate by an alternate sink.
Fully expanded primary leaves accumulate very little sulfate, because the pools of sulfate and sulfur amino acids are not expanding and the net synthesis of sulfolipids and proteins is minimal. Treatment of plants with aminotriazole, however, stimulates glutathione synthesis and therefore requires an increase in the rate of sulfate reduction (15) .
We used aminotriazole as a compound which might influence the distribution of sulfate. One effect of aminotriazole was a reduction of transpiration and also a decline in the total amount of sulfate entering the shoot system, which agrees with previous work using barley (17) . Aminotriazole increased the fraction of the total [35S] which was recoverable as amino acids (Table VIII) . However, it is clear that the pool of sulfate in the leaves at the start of the experiment is the primary source of sulfur for glutathione synthesis. Specifically, for primary leaves treated with aminotriazole for 4 h there was an increase in glutathione of 740 nmol/g fresh weight, but-less than 1.5 nmol/g fresh weight was labeled. Even in trifoliate leaves, where more label entered the amino acid pool, the glutathione was primarily synthesized from unlabeled sulfate. (12) and castor bean plants (3), more than 90% of the sulfur transported out of the leaf was recoverable in the stem as sulfate. Fractionation of the 35S-organic compounds in the stem indicated that glutathione was the major component (67-70% of the total), with the remainder being cysteine (2-8%) and methionine (27-30%) in tobacco and cysteine (3-22%), methionine (3-17%), and unidentified compounds (10-25%) in castor bean. The results presented here indicate that, when mature leaves were exposed to sulfate (<0.1 mM) for short periods (4 h), most of the sulfate was exported rather than transported into mesophyll cells where it could be used to synthesize amino acids (Tables V and VIII) (Table VIII) . Alternatively, if the [35]sulfate primarily mixed with a small cytoplasmic or chloroplastic pool of sulfate, which is used for the synthesis of amino acids, less dilution of label would occur, and therefore more label would appear in terminal metabolites such as glutathione. This is the more likely scenario, based on previous work (5, 6), but less than 2 nmol of [35S] was recoverable in 4 h in a glutathione pool which varied from 155 to 900 nmol/g fresh weight (Table VIII) . These results are consistent with the conclusions of other workers that more than 90% of the sulfur transported in phloem is present as sulfate (11) .
CONCLUSION

